A synthetic random polymer of threonine and glutamate (1:4.4) is readily phosphorylated by protein kinase P but not by five other protein-serine (threonine) kinases. A synthetic random polymer of serine and arginine (1:3) is readily phosphorylated by protein kinase A and protein kinase C but not by protein kinase P. Although the amino acid sequences surrounding the phosphorylated serine (threonine) residue have been demonstrated in studies with small synthetic polypeptides to be decisive factors in the rate at which they are phosphorylated, the findings with the large synthetic polypeptides suggest that in the case of proteins the size, the tertiary structure, and particularly the electrostatic interactions are equally or more important contributing factors. Syringomycin, a toxin from Pseudomonas syringae, and polymyxin B, from Bacillus polymyxa, stimulate protein kinase P, strongly inhibit protein kinase C, and have no effect on protein kinase A. Basic polypeptides with high lysine content are phosphorylated by ATP nonenzymatically.
A flood of new protein kinases have been described in recent years (1) . It seems imperative to find ways to distinguish between them, particularly for the purpose of dissecting the complex interactions that take place in intact cells and crude extracts. Of particular interest are the kinases of oncogene products and plasma membrane receptors involved in signal transduction. Their functions are regulated by autophosphorylation as well as by protein-serine (threonine) kinases.
For example, the receptor that responds to epidermal growth factor (EGF) catalyzes a protein-tyrosine kinase activity that is inhibited by phosphorylation of Ca2"-and phospholipiddependent protein kinase C (PK-C) (2) . Polypeptidedependent protein kinase P (PK-P) stimulates or inhibits, dependent on the extent of its activation, the EGF receptor kinase (3) . To obtain better insight into these complex interactions it would be useful to have specific activators, inhibitors, and substrates such as were available in the elucidation of other complex pathways (e.g., glycolysis and oxidative phosphorylation).
Synthetic random polymers containing tyrosine, glutamate, and other amino acids serve as specific substrates or inhibitors for tyrosine-specific protein kinases (4) . Distinct differences, depending on amino acid composition, were observed in the interactions of these polymers with different protein-tyrosine kinases. An exploration of synthetic random polymers that contain seine or threonine was undertaken in the hope that they may also yield some clues to the substrate specificity of serine (threonine) kinases and may be useful in studies with crude extracts. In this paper it is shown that PK-P phosphorylates a synthetic threonine/glutamate polymer that is not phosphorylated by three other proteinserine (threonine) kinases. In contrast, PK-P does not phosphorylate a serine/arginine polymer that is readily phosphorylated by PK-A (the catalytic subunit of cAMP-dependent protein kinase) and PK-C. Syringomycin and polymyxin B, two microbial toxins, stimulate PK-P and inhibit PK-C but have no effect on PK-A. Thus, these toxins and synthetic polymers serve to distinguish between PK-P and other protein-serine kinases.
MATERIALS AND METHODS
Materials and methods were as described previously (5, 6 ).
The random polymers poly(Thr19Glu8") (1:4.4 threonine/glutamate ratio), poly(Ser25Glu75), and poly(Ser25Lys75) were synthesized by previously described methods (7) . Poly(Ser25-Arg75), poly(Lys50Tyr50), polymyxin B, histone type III-S (histone 1), and histone type 11-AS were purchased from Sigma; histone 2B was from Worthington. Syringomycin from Pseudomonas syringae was a gift from J. Takemoto (Utah State University, Logan, UT) and J. E. DeVay (University of California, Davis, CA). 10-(3-Aminopropyl)-2-chlorophenothiazine was supplied by Smith Kline & French. Casein kinase II from yeast and skeletal muscle was prepared through the phosphocellulose column step as described (8, 9) . PK-C was prepared as described (10) . PK-A and the PK-A inhibitor were generously provided by E. Fischer tTo whom reprint requests should be addressed.
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Poly(Thr"9Glu81) + casein 38 154 Assays were performed for 30 min at room temperature as described in Materials and Methods with 2.5 ng of PK-P and the indicated amounts of substrates, in the absence or presence (5 yg) of histone (Sigma type III-S).
the acidic polymer interacted with the basic activators of PK-P, the polymer substrate was added at a concentration below its Km. Under these conditions the specific activity of the enzyme was lower than with casein but markedly stimulated by histone (Table 1 ). In the presence of poly-(Thr'9Glu81) and low concentrations of casein the activity was considerably lower than with casein alone. The time course of the reaction is shown in Fig. 1 . Again the enzyme activity was lower with poly(Thr'9Glu8l) than with casein but considerably higher than with poly(Ser25Glu75).
Phosphorylation of Random Polypeptides by PK-A, PK-C, and Casein Kinase H. Poly(Ser25Arg75) served as a suitable substrate for PK-A (Fig. 2) . Whereas low molecular weight synthetic substrates serve as substrates usually at millimolar concentrations, the polymer was phosphorylated at about 10 gM. Poly(Ser25Lys75) was a poor substrate. A comparison of other protein-serine (threonine) kinases with the synthetic polymers is shown in Table 2 . Neither PK-C nor yeast casein kinase II phosphorylated poly(Thr19Glu81) significantly.
PK-A, cGMP-dependent protein kinase, and calmodulindependent protein kinase II were also inactive (data not shown). On the other hand, poly(Ser25Arg75) was an excellent substrate for PK-C but not for histone-activated PK-P.
Effect of Syringomycin and Polymyxin B and Other Inhibitors on Protein-Serine (Threonine) Kinases. Another approach to distinguish between protein-serine (threonine) kinases was to test the effect of toxins and other inhibitors (Table 3) . Syringomycin, a phytotoxin produced by Pseudomonas syringae (11, 12) , and polymyxin B had no effect on PK-A, had very little effect on casein kinase II, stimulated PK-P markedly in the absence of histone, and inhibited PK-C. In the presence of histone, both syringomycin and polymyxin inhibited PK-P. PK-A inhibitor had no effect on PK-P or on the other protein kinases, whereas 10-(3-aminopropyl)-2-chlorophenothiazine inhibited all but PK-A. Nonenzymatic Phosphorylation of Basic Polypeptides by ATP. In the course of investigations on the specificity of the activation of PK-P by histone III, we found that synthetic polymers like poly(Ser,Lys) or poly(Lys), which are not substrates for this enzyme, were activators of PK-P. However, we observed in the filter paper assay as well as in NaDodSO4/PAGE a nonenzymatic interaction between histones or lysine-containing synthetic polymers and radioactive ATP. Poly(Lys5Tyreo) and poly(Lys) gave the highest values, poly(Ser25Lys75) and histone less. In order to evaluate the interaction between ATP and histones in greater detail, various commercial histone preparations were incubated with radioactive ATP and then analyzed by NaDod-S04/PAGE and autoradiography (Fig. 3) . Histones exposed to [y-32PIATP gave consistently much darker bands than those exposed to [a-32PJATP. It therefore seems unlikely that the major incorporation of radioactivity was due to trapping of radioactive ATP, particularly since the samples were electrophoresed in the presence of NaDodSO4. Thus, it seemed that a preferential transfer of the terminal phosphate from ATP had occurred. Consistent with this proposition was the observation that extensive washing of the filter paper in 2 M NaCl, which would be expected to dissociate ionic bonds, did not remove the radioactivity. Moreover, exposure of histone to 32p; instead of ATP did not give rise to a radioactive precipitate on the filter paper. Phosphorylation of histones was favored at alkaline pH and was dependent on time and concentration of reagents (Fig. 4) . Boiling the radioactive histone for 10 min in 1 M HCI eliminated the radioactivity from the protein. The radioactive polymers were, however, more stable in 0.1 M HCO than Assay mixtures with PK-P (2.5 ng), PK-A (80 ng), casein kinase II (CK-II) from yeast (200 ng) or from skeletal muscle (400 ng), and PK-C (25 ng) were incubated at 230C for 30 min. PK-P was assayed in the absence or presence (5 ,ug) of Sigma histone type III (H). Inhibitors were added immediately prior to assay. Histone (5 ug) was used as substrate for PK-A and PK-C, casein (5 Ag) for PK-P, and casein (50 Ag) for CK-II. NT, not tested. in 0.1 M NaOH when heated to 80°C for 10 min. Attempts to reverse the reaction with ATP, glucose, or glycerol as acceptors have thus far failed.
DISCUSSION
There are several advantages in the use of synthetic random polypeptides in the studies of protein kinases. One, particularly obvious in the case of protein-tyrosine kinases, is that enzyme assays can be performed in the presence of excess protein-serine kinases by a rapid filter-paper assay. As pointed out previously (4), small polypeptides that have been custom-synthesized according to the sequence around the phosphorylation site of tyrosine in natural substrates have much higher Km values than the synthetic, large polypeptides. Of particular interest are selective differences in the choice of optimal substrates observed with various proteintyrosine kinases. For example, a tyrosine/glutamate polymer was an excellent substrate for the placental insulin receptor, whereas a tyrosine/alanine/glutamate polymer was not. For the EGF receptor the tyrosine/alanine/glutamate polymer was a better substrate than poly(Tyro,Glu). In the case of serine (threonine) protein kinases, caseins or histones have served as excellent traditional substrates. The synthetic random polypeptides described here are not only convenient substrates but have Km values that are orders of magnitude lower than those of the small peptides. This suggests that in the case of proteins the size, tertiary structure, and particularly the electrostatic interactions with the enzyme (13, 14) may be equally or more important for catalytic activity than the so-called ''consensus sequences." By synthesis of large polypeptides with different amino acid mixtures and different charge distributions, it may be possible to evaluate quantitatively the contributing components. PK-P has some properties in common with yeast casein kinase II (8, 9) , such as sensitivity to acidic polysaccharides and activation by basic compounds. However, whereas casein kinase II was isolated from a soluble yeast extract and did not require a detergent for stability, we isolated PK-P by extraction of yeast membranes with Triton X-100 and showed that the detergent was required for stability of the enzyme (6) . Furthermore, phosphorylation of casein by purified yeast casein kinase II was not stimulated by histone (Sigma type III-S) under our conditions of assay (Table 2) , whereas PK-P exhibited almost complete dependency. The enzymes also showed different substrate specificity. Poly-(Thr'9Glu8") was rapidly phosphorylated by PK-P but not by casein kinase II. Finally, PK-P and PK-C were influenced by syringomycin, whereas casein kinase II was not. In the absence of histone, syringomycin, as well as polymyxin, a known inhibitor of PK-C (15) phosphorylation of casein by PK-P. The use of synthetic polypeptides combined with inhibitor studies should allow us to differentiate between different protein kinases and assess a possible role of PK-P in the phosphorylation of several membrane components-e.g., in Xenopus laevis oocytes (16) , in clathrin-coated vesicles (17, 18) , and of LDL receptor. In the latter case we established, together with J. Goldstein and collaborators, that PK-P, which phosphorylates LDL receptors, is not identical to the enzyme from bovine adrenal cortex (19) .
The phosphorylation by protein kinases of synthetic polypeptides that contain only two amino acids also raises the question of the significance of both in vitro and in vivo phosphorylation of proteins. Emphasis must therefore be placed on induced changes in function. We have recently observed that PK-P alters the activity of several proteintyrosine kinases. Of particular interest is the observation that polylysine, polymyxin, and histone, activators of PK-P of different strength, influence the protein-tyrosine kinase activity of the solubilized EGF receptor in a graded manner (3) .
The observed nonenzymatic phosphorylation of histones by ATP needs further exploration. The observation that the terminal phosphate of ATP is preferentially transferred to the peptide is important for the elimination of a noncovalent interaction. A nonenzymatic interaction between histones and ADP-ribose or ribose 5-phosphate was demonstrated previously (20) . However, the observed lability of the phosphoryl group in the polymer to 0.1 M NaOH and greater stability to 0.1 M HCI are not consistent with the properties described for phosphorylated lysine (21) and more consistent with a phosphorylated serine residue.
One should consider the possibility that nonenzymatic phosphorylation of histones by ATP may take place in vivo in view of the high intracellular ATP concentration.
